In this work, we have presented a theoretical study of Au/Ni/GaN Schottky diode based on current-voltage (I-V) measurement for temperature range of 120 K to 400 K. The electrical parameters of Au/Ni/GaN, such as barrier height (Φ b ), ideality factor and series resistance have been calculated employing the conventional current-voltage (I-V), Cheung and Chattopadhyay method. Also, the variation of Gaussian distribution (P (Φ b )) as a function of barrier height (Φ b ) has been studied. Therefore, the modified (( ln I 0
Introduction
The group III-V-N wide band gap semiconductors have attracted significant interest owing to the unique characteristics and their applications in microelectronic and optoelectronic devices operating in ultraviolet wavelength regions from 10 nm to 400 nm [1] .
Gallium nitride is the most important semiconductor material for the development of microelectronic devices such as Schottky-barrier photodetectors, solar-blend Schottky photodiodes, metalsemiconductor (MS) field effect transistors (MES-FETs) and heterostructure field effect transistors (HFETs) [2] . The commonly used Schottky diode contains a contact between metal and semiconductor producing a Schottky barrier diode (MS). Many research groups investigated n-GaN-based metal-semiconductor by using different contact schemes for instance Ravinandan et al. [3] performed analysis of electronic parameters * E-mail: 3ali39@gmail.com and temperature-dependent properties of Pd/Au/n-GaN Schottky diodes in a wide temperature range of 90 K to 410 K. Reddy et al. [4] reported electrical properties and current transport mechanisms of Au/BaTiO 3 /n-GaN that have been investigated by (I-V) and (C-V) measurements at room temperature. Yildirim et al. [5] studied the C-V and I-V characteristics of Ni/n-GaN Schottky diodes in different temperatures from 80 K to 400 K. Asha et al. [6] carried out an analysis of electronic parameters of V/p-type GaN Schottky junction at low temperatures in the range of 120 K to 280 K.
In this work, the I-V measurement of Au/Ni/GaN Schottky diodes in the temperature range of 120 K to 400 K is presented in order to demonstrate temperature effect on the structure performance. Different electrical characteristics of Au/Ni/GaNSchottky diodes, such as ideality factor n, barrier height and series resistance Rs were investigated by I-V, Cheung and Chattopadhyay method. These parameters were extracted using numerical simulator Atlas-Silvaco-Tcad software [7] .
Modeling
In order to elucidate the effect of temperature on Au/Ni/GaN structure performance, modeling and simulation have been carried out using an ATLAS module of the SILVACO-TCAD software based on works of Dogan et al. [8] . ATLAS provides general capabilities of physically based 2D and 3D structures. It uses the drift-diffusion method to simulate optical, thermal and electrical behaviors of semiconductor devices. The electrical characteristics of the device can be obtained by solving the continuity model, Poisson equation and the transport model [9, 10] .
The following equations and models were amongst the most important used here [10] [11] [12] : • Band gap model;
• Mobility model;
• Shockley-Read-Hall model;
• Auger recombination;
• Impact ionisation;
• Thermionic emission;
• Universal Schottky tunnelling.
Result and discussions

Current-voltage (I-V) method
The effect of diode resistor can be modelled by a series combination of a diode and a resistor Rs through which the current flows. In addition, in case of an ideal diode, the value of the ideality factor n is equal to 1, while for the not ideal diode, the n value is higher than 1 (n > 1). In case of Schottky diode, assuming that the current is due to the thermionic emission TE, the relation between the applied forward bias and the current can be given by [4, 6, 8, 13] :
Here, I 0 , n, k and T present the reverse saturation current, the ideality factor, the Boltzmann constant and the absolute temperature in Kelvin, respectively.
For the applied forward voltage (V > 3kT/q), the equation 1 can be written as [4] :
We can find the value of I 0 by plotting ln(I) versus V at V = 0 volts. Then, by replacing the calculated I 0 value in equation 2, we can find the Schottky barrier height Φ b . The ideality factor n value can be extracted from the linear region of ln(I-V) curve (the straight line section of the curve):
where A is the rectifier contact area, Φ b is the Schottky barrier height, The value of Φ b can be deduced directly from I-V curves if the effective Richardson constant is known [13] . A * is the Richardson constant (A * = 26.4 A/cm 2 K 2 for n-GaN [4] ). Fig. 1 shows the current-voltage (I-V) characteristics of Au/Ni/GaN Schottky diode, simulated using Atlas-Silvaco-Tcad software at temperature range of 120 K to 400 K [14] . The obtained barrier height Φ b and ideality factor n are shown in Table 1 . The simulated ideality factor is found to be different than the experimental ideality factor by 0 and 0.085. The simulated barrier height is found to be different than the experimental barrier height by −0.016 and 0.008 in temperature range of 120 K to 400 K. According to what we found, we observed that the increase in temperature is accompanied by the decrease in the ideality factor and increase in the barrier height for the currentvoltage method. These phenomena are due to the not pure thermionic emission current TE in the device [15, 16] , because the charge carriers have not enough energy to cross the high barrier height at the low temperatures, but current transport is possible by lower parts of barrier height [17] . These variations of ideality factor and barrier height values suggest that Au/Ni/GaN is not an ideal diode and its charge transport mechanism is not just TE [20] .
Cheung method
The Schottky barrier height Φ b , the ideality factor n and the series resistance Rs can be calculated from the method developed by Cheung et al. [18] . In this method, the series resistance Rs and the ideality factor n are determined by the following equations:
also, Schottky barrier height can be defined by Cheung relation [18] : 
Chattopadhyay model
In addition, Chattopadhyay model can also be used to determinate the ideality factor and barrier height values of Schottky diode. In the present model, the barrier height Φ b can be written as [20] :
where, Ψ s (J C , V C ) present the critical surface potential, V C is the critical voltage, V n is the potential difference between the Fermi level and bottom of the conduction band and C 2 represents the parameter inverse of the diode ideality factor. The critical surface potential value (Ψ s (J C , V C )) can be determined by the following relation [20, 21] :
and v n parameter can be calculated from the following relation:
where, N C and N d are the effective conduction band density of states and the carrier concentration, respectively. Using relation 8, we calculated V n for different temperatures (120 K, 140 K, 160 K, 180 K, 200 K, 220 K, 240 K, 260 K, 280 K, 300 K, 320 K, 340 K, 360 K, 380 K and 400 K.
The obtained values are 9.45 × 10 −3 eV, 0.01 eV, 0.012 eV, 0.014 eV, 0.015 eV, 0.017 eV, 0.018 eV, 0.019 eV, 0.021 eV, 0.023 eV, 0.024 eV, 0.026 eV, 0.028 eV, 0.029 eV and 0.031 eV, respectively. In order to determinate the inverse of the ideality factor C 2 , we used the following relation [20] : Fig. 3 shows the surface potential vs. forward voltage (Ψ s -V) of Au/Ni/GaN structure for different temperatures. From Ψ s -V behavior shown in Fig. 3 , we remarked that the Ψ decreases with the increase in V while Ψ s value increases with the temperature T. As shown in Fig. 3a , the critical values of V C and Ψ s have been extracted from the curve of Ψ s and the slope has been marked with the red dashed line. The results of the critical values V C and Ψ s (J C , V C ), and barrier height Φ b obtained using the Chattopadhyay model, are shown in Table 1 .
The results, Φ b0 , n and R S parameters for Au/Ni/GaN Schottky diode obtained using Cheung Table 1 . The results obtained by Chattopadhyay method show that an increase in temperature is accompanied by a decrease in the ideality factor and increase in the barrier height, which results from not pure thermionic emission current TE in the device [15, 16] . We have also observed that the Rs value decreases with increase in temperature. This reduction can be explained by the increase in free carrier concentration at high temperatures [8] . In addition, the Rs value obtained by four different methods is slightly different.
The differences in the barrier height values obtained by three methods may be due to the extraction of data from different regions of the forward-bias I-V plot [21, 22] . These results are in agreement with the studies performed by Ocak et al. [23] .
Inhomogeneous barrier analysis
It is assumed that the mean Schottky barrier diode and the zero bias standard deviation are linearly dependent on Gaussian parameters, such as Φ b =ρ 2 v+Φ b0 and standard deviation σ s =σ s0 +ρ 3 v [24] , where ρ 2 and ρ 3 are voltage coefficients which may be dependent on T. They correspond to the voltage deformation of the barrier height distribution [25] . Fig. 4 shows the variation of Φ b and n −1 −1 as function of (2kT) −1 . It was found that σ s changes with temperature. The obtained results for σ s are presented in Table 2 . Table 2 . The calculated values of standard deviation σ s , ρ 2 and ρ 3 in the temperature range of 120 K to 400 K.
Range(a) 0.132 -0.0048 0.054 Range(b) 0.260 -0.0028 0.090 Range(c) 0.016 -0.0076 0.130
In this model, the spatial distribution of the band bending, at the MS interface of Schottky contact can be approximated by Gaussian distribution P (V d ) with a standard deviation, as described in equation 10 [26] :
where V d represents the band bending and the Schottky barrier Φ b :
By taking V d from equation 11 and replacing it in equation 10 the Gaussian distribution P can be written in function of Φ b as:
And around mean Schottky barrier (Φ b0 ) the barrier distributions are normalized: 
Richardson constant A *
Richardson constant can be calculated by two methods. In the first method conventional Richardson plot of reverse saturation current is made [8] , as shown in the equation 14: vs. 1000 T shown in Fig. 6a we can get the activation energy Ea value from the slope and the Richardson constant A * value at the y-axis intercept. We found the values of 0.1 eV and 1.07 × 10 −6 A·cm −2 ·K −2 respectively. These results are in good agreement with the results given in the literature [8] .
In the second approach, we used an analytical potential fluctuation model employing different types of distribution function at the interface on the spatially inhomogeneous SBDs [28] , Then, we have used equation 15: 
Conclusions
Current-voltage characteristics of an Au/Ni/n-GaN Schottky diode have been studied in temperature range of 120 K to 400 K. The ideality factor n and barrier height Φ b values were calculated for various temperatures using thermionic emission TE theory. It is to note that the ideality factor value decreases with increasing temperature and it diverges from the experimental data while the barrier height value increases with increasing temperature and it also diverges from the experimental data. These changes in ideality factor and barrier height values confirm that Au/Ni/n-GaN is not an ideal diode and charge transport mechanism is not based just on TE theory. The parameters, including Rs value, have also been calculated using Chung and Chattopadhyay method. In addition, the effective Richardson constant has been found to be 21.321 in the range of 300 K to 400 K, 27.303 in the range of 180 K to 300 K and 36.705 in the range of 120 K to 180 K. It can be noticed that the value of 27.303 A * (A·cm −2 ·K −2 ) is very close to the theoretical value for Au/Ni/GaN.
